Experiment has a self-inductance of 592 H and the magnet stored energy of 13 MJ at a full current of 210 A for the worst operation case of the MICE channel. During a quench, the stored energy and the high conductor current density will cause a large temperature rise and induce considerable impact of stresses. One test coil was built in order to validate the design method and practice the stress and strain situation which occurs in the coupling coil. In this study, the analysis on stress redistribution in the sub-divided winding during a quench was performed. The stress variation may bring about failure of epoxy resin, which is the cause of a new normal zone arising. Spring model for impregnating epoxy and fiber-glass cloth in the coil was used to evaluate the mechanical disturbance by impregnated materials failure. This paper presents the detailed dynamic stress and stability analysis to assess the stress distribution during the quench process and to check whether the transient loads are acceptable for the magnet.
Abstract-The coupling magnet for the Muon Ionization Cooling Experiment has a self-inductance of 592 H and the magnet stored energy of 13 MJ at a full current of 210 A for the worst operation case of the MICE channel. During a quench, the stored energy and the high conductor current density will cause a large temperature rise and induce considerable impact of stresses. One test coil was built in order to validate the design method and practice the stress and strain situation which occurs in the coupling coil. In this study, the analysis on stress redistribution in the sub-divided winding during a quench was performed. The stress variation may bring about failure of epoxy resin, which is the cause of a new normal zone arising. Spring model for impregnating epoxy and fiber-glass cloth in the coil was used to evaluate the mechanical disturbance by impregnated materials failure. This paper presents the detailed dynamic stress and stability analysis to assess the stress distribution during the quench process and to check whether the transient loads are acceptable for the magnet.
Index Terms-Dynamic stress, MICE superconducting magnet, quench, stability.
I. INTRODUCTION
T HE superconducting coupling solenoid to be applied in the Muon Ionization Cooling Experiment (MICE) is made of copper matrix Nb-Ti conductors with inner radius of 750 mm, length of 285 mm and thickness of 110.4 mm at room temperature. The magnetic field up to 2.6 T at the magnet centerline is to keep the muons within the MICE RF cavities. Its self inductance is around 592 H and its magnet stored energy is about 13 MJ at a full current of 210 A for the worst operation case of the MICE channel [1] .
A high temperature rise in the region where a quench originally starts will occur because of the high stored energy and the high current densities. The stresses inside it during a quench are relatively high due to the large size of the coupling magnet and thermal expansion coefficient difference among different materials. A test coil was designed and constructed in order to validate the magnet design method and to practice the stress and strain situation that would be encountered in the coupling magnet. Compared with the coupling coil, the test coil has the same layers and inner diameter but has one-quarter length of the coupling coil [2] . The test coil adopted the copper matrix Nb-Ti conductors exactly the same as those used for the MICE coupling magnet. The maximum exciting current of the test coil is designed to be 400 A, at which the strain condition in the coil is to be greater than that in the coupling coil. This paper presents the detailed analyses on stresses in the test coil assembly during a quench by the finite element method, in order to study the structure safety and stability of the magnet in a quench. The time-dependent map of the variation of stress distribution within the coil is computed using a commercial code. The instability due to strain energy releasing during a quench based on a spring model is discussed as well.
II. MODEL OF THE TEST COIL
The test coil assembly consists of the coil package, the banding and the coil mandrel. The banding for the coil reinforcement is made of stainless steel wire with diameter of 1.2 mm. The mandrel includes one bobbin, two end plates and one cover plate, which made of 6061-T6 aluminum alloy. The insulations between the coil package and the mandrel are thin G-10 sheets; the interlayer insulation is epoxy and fiber-glass cloth, and the insulation between turns is epoxy resin. The self-inductance is around 50.8 H. The peak induction in the test coil is 6.78 T and its magnet stored energy is about 4.064 MJ at the maximum current of 400 A. The cross section of the test coil assembly is shown in Fig. 1 . Table I lists the basic  dimensions of the test coil. A 2-D axial symmetric finite element model was developed to calculate the dynamic stresses within the coil assembly during a 1051-8223/$26.00 © 2010 IEEE quench. It involved two parts: one was to calculate the time-dependent temperature and the decaying current, the other was to calculate the static and dynamic stress distribution within the coil. In the quench computational model, the quench is assumed to start in the middle of the innermost layer of the coil. The temperature and the current were coupled and sequentially solved. The transient current was loaded to calculate joule heat, and then the temperature from the joule heat calculation was loaded to calculate the transient current. The calculation model doesn't include diodes and damp resistors, and is not sub-divided in order to simplify the calculation. The hot spot temperature of the quench calculation model is about 10 K higher than the result from the sub-divided quench model [2] . The analysis results in this paper may represent the worst case for the coil during a quench in terms of hot spot temperature and are conservative.
The stress model calculates the stress distribution before a quench, firstly. And then, the time-dependent temperature and the magnetic load were used as input for calculating the dynamic stress. The stress model adopted the element birth and death technique to simulate the winding process. The multi-load method is used to simulate the cooling, charging and quench process sequentially. In this model, the coil was simulated as a single block of conductors with uniform and linear material properties, and all parts were glued together.
III. COMPUTATION RESULTS AND DISCUSSION

A. The Results of a Quench Model
Disturbance energy was injected to the coil to generate a normal zone. With the normal zone growing, the current decayed and the hot spot temperature rose. There was inductive current in the mandrel and the banding, which generated heat. If the temperature of the mandrel or the banding is higher than the critical temperature, the quench-back effect will happen [3] .
Variations of the hot spot temperature and the magnetic field with the quench time in the test coil are shown in Fig. 2 . After about 5 s, the magnetic field decreases to below 1% of the initial magnetic field. The peak coil hot spot temperature is 135 K, which is about 10 K higher than the result of 4 sub-divided coil charged to the same current. The difference of the results with and without subdivision is not obvious for the stress calculation [4] .
B. The Dynamic Stress Distribution
In this paper, we assume that a quench starts after the coil is charged to the full current. Therefore, the static stress distribution exists before the quench starts. The followed stresses during the quench are the sum of the static stress and the stress change because of variation of the magnetic field and the temperature. The following study is concentrated on the dynamic stress analyses in terms of the mechanical safety and the new normal zone generation. For the coil with slip planes, the radial stress and the shear stress are more responsible for the stability.
To follow the transient behavior of the test coil, two loads are applied in the model: (1) the Lorentz body force, decreasing from their maximum value at , to zero when ; (2) the temperature rising with respect to time in the quenched coil. The integrated expansion is assumed between 4 K to 200 K, thus the results calculated are that in a bad case. Fig. 3 shows the radial stress distribution in the mid-plane of the coil during the quench. The radial pressure release is characterized by the decreasing of the peak radial pressure because the Lorentz force reduces during the quench. The radial pressure in the interface between the coil and the mandrel increases a little during the quench, but still less than the value after cooling down. It may be interpreted that the thermal expansion of the normal zone makes the inner layers move outward, which replaces the radial Lorentz body force during the quench.
The peak radial stress, which moves to the inner layers of the coil during the quench, decreases with time. That means a part of the strain energy of the central layers of the coil has been released. The maximum change rate of the radial displacement of about 0.046% happened in the outermost layers of the coil. If the radial strain is less than 0.065%, the coil will avoid quench or training [5] . Therefore, the radial stress during the quench will not cause a new normal zone. Fig. 4 shows the Von Mises stress distribution along the midplane of the coil during the quench. When the exciting current goes to the maximum current of 400 A, the peak Von Mises stress in the coil package is about 110 MPa, which appears in the outermost layer of the coil caused by the radial Lorentz force before the quench started. When quench ends, the peak stress moves to the innermost layer of the coil, and is about 120 MPa. The peak stress during the quench is less than the allowable stress of the conductor. As shown in Fig. 4 , the stress level in the inner layers of the coil increases rapidly within 2 s. The equivalent strain rate is about 0.024%
. The rapid change of stress will cause a micro-crack in the brittle material [6] . So the variation of the Von Mises stress may cause a rise of new points of initiation of the normal zone. Fig. 5 shows the peak shear stress in the coil during the quench. The peak shear stress happens in the innermost corner of the coil. Its change with quench time is the same as the peak temperature in the coil. Compared with other stress distribution, the peak shear stress is mainly affected by the temperature rising within the coil rather than the magnetic field.
The maximum value of the peak shear stress during the quench is about 80 MPa by the finite element method. Actually, the impregnating material can not withstand such a high stress, and it will crack under the stress higher than the tensile or shear strength. The Stycast epoxy was employed in the test coil, which is brittle at 4.2 K. It has very low fracture stress, even lower than its shear strength of 17 MPa [7] . When the major principal stress or the maximum shear stress in the shear stress concentrate region is higher than the fracture stress, the epoxy resin will crack and the strain energy of this region will dissipate as heat.
When the tensile strain is more than 2% or shear strain is more than 0.2%, the epoxy resin will crack [8] . When the shear stress is higher than 40 MPa, the shear strain of epoxy resin will exceed 0.2%, which means a new normal zone may generate at the innermost corner. The mechanism of stress to induce a new normal zone is discussed in the following section. Fig. 2 . Magnetic field decay and hot spot temperature rise through the coil after a quench. Additionally, the peak hoop stress is about 120 MPa at the end of the quench. The peak tensile hoop stress is about 50 MPa before the quench started. The peak hoop stress during the quench never exceeded the allowable stress of the conductor.
In conclusion, the increase of the temperature and the simultaneous reduction of the electromagnetic forces will not damage the coil assembly. But the stress variation may induce a number of new points of the normal zone in the inner layers of the coil, especially the shear stress. Therefore, it is concluded that the shear stress is the critical factor on the instability and causes more disturbance during a quench. 
IV. MECHANICAL DISTURBANCE CALCULATION
A. The Spring Model Description
In the impregnated magnet, the source of cracking of the impregnating material is mainly the thermal stress or Lorentz force. The cracking is more affected by the thermal stress according to the above analyses. With the totally elastic deformation assumption, the impregnating material can be treated as spring under small deformation [9] . Fig. 6 shows the schematic illustration of the spring model to calculate the mechanical stability. In the spring model, we assume that the spring failure corresponds with the epoxy cracking, and half of the elastic energy stored in springs will released as heat. The interlayer and interturn insulations of the test coil are fiber-glass cloth immersed in epoxy and only epoxy, respectively. Corresponding to the spring model as shown in Fig. 6 , the interlayer insulation is regarded as the spring with elastic coefficient , and the insulation between turns is regarded as the spring with elastic coefficient . It has four constraints from the surrounding springs, thus there are force equilibrium under external loads for each conductor. The springs can deflect, so the direction of a spring is the major principal stress orientation of the impregnated material. The force situation under arbitrary conditions for each conductor is shown in Fig. 7 .
So, the equilibrium equations of conductor are given as follows:
(1) (2) where is the deformation of interlayer spring; is the deformation of interturn spring; and are body force in radial and axial directions.
B. Results and Discussion
We focused on the innermost corner in the coil because the stress concentrates in this region. The number of conductors involved is about 150, which in the axial direction is 6 and in the radial direction is 25. Therefore, there are in total 150 equilibrium equations. The load conditions are: (1) when the coil is not charged, the body force in each conductor is zero, and there is only displacement constraint; (2) when the coil is charged or in a quench process, the body force is the magnetic load and the simultaneous displacement in each conductor.
From the calculation, the maximum deformation of springs is located between the first turn of the innermost layer and the endplate. The destruction mode is shear failure. Table II lists the  results of this spring.   TABLE II  THE RESULTS OF THE MAXIMUM DEFORMATION SPRING The maximum shear strain decreases remarkably when the coil is charged to 400 A because the hoop stress at that point increases. So, the epoxy cracking will take place during cooling down, and cause training during charging. When the coil quenches, the rising shear stress will induce a new normal zone.
V. CONCLUSION
The dynamic stress for the test coil of the MICE coupling magnet during a quench is studied by using a commercial code. The temperature rise of the normal zone affects the stress distribution more remarkabley than the simultaneous reduction of the electromagnetic force, especially the peak shear stress.
The instability of the test coil due to the failure of epoxy is calculated by a spring model. The shear stress in the innermost corner of the coil is principally responsible for premature quenches and training effect.
